Obesity endangers the lives of millions of people worldwide, through comorbidities such as heart disease, cancers, type 2 diabetes, stroke, arthritis, and major depression. New approaches to control body weight remain a high priority. Vaccines traditionally have been used to protect against infectious diseases and, more recently, for unconventional targets such as drug addiction. Methodologies that could specifically modulate the bioavailability of an endogenous molecule that regulates energy balance might provide a new foundation for treating obesity. Here we show that active vaccination of mature rats with ghrelin immunoconjugates decreases feed efficiency, relative adiposity, and body weight gain in relation to the immune response elicited against ghrelin in its active, acylated form. Three active vaccines based on the 28-aa residue sequence of ghrelin, a gastric endocrine hormone, were used to immunize adult male Wistar rats (n ‫؍‬ 17). Synthetic ghrelin analogs were prepared that spanned residues 1-10 [ghrelin (1-10) Ser-3(butanoyl) hapten, Ghr1], 13-28 [ghrelin (13-28) hapten, Ghr2], and 1-28 [ghrelin(1-28) Ser-3(butanoyl) hapten, Ghr3], and included n-butanoyl esters at Ser-3. Groups immunized with Ghr1 or Ghr3 showed greater and more selective plasma binding capacity for the active, Ser-3-(n-octanoyl) form of ghrelin as compared with Ghr2 or keyhole limpet hemocyanin vaccinated controls. Accordingly, they gained less body weight, with sparing of lean mass and preferential reduction of body fat, consistent with reduced circulating leptin levels. The ratio of brain͞serum ghrelin levels was lower in rats with strong anti-ghrelin immune responses. Effects were not attributable to nonspecific inflammatory responses. Vaccination against the endogenous hormone ghrelin can slow weight gain in rats by decreasing feed efficiency.
A pproximately 1 billion people worldwide are overweight or obese (body mass index ϭ 25-29.9 or Ն30 kg͞m 2 , respectively), with disproportionately higher prevalence rates in affluent countries (1) . For example, in the United States, the National Health and Nutrition Examination Survey (NHANES) found that, in [2003] [2004] , Ϸ66% of all American adults 20 years of age or older were overweight or obese. Almost 4 of every 5 adult men aged 40-59 were so classified (2) . Even in children and adolescents between the ages of 6-11 and 12-19, 19% and 17%, respectively, were overweight (2) . Alarmingly, the prevalence of obesity has tripled for adolescents in the past two decades. The increase in the number of people who are overweight or obese cuts across all ages, racial and ethnic groups, and both genders (2) , and is increasingly global (3, 4) . For example, the prevalence of obesity in urban preschoolers in China climbed Ͼ8-fold between 1989 and 1997 (5) , and the rate of obesity in British adults rose almost 3-fold from 1980-2002 (6) . In 2000, Ͼ110,000 deaths in the United States were associated with obesity, as shown by confound-adjusted analysis of three NHANES cohorts (7) , and the economic cost of obesity in the United States was estimated to be $117 billion (8) .
At this time, available nonsurgical treatments for obesity, including drugs, are palliative and effective only while treatment is maintained. When treatments are discontinued, weight gain inevitably results. For obesity treatments to work, they must affect energy intake, absorption, expenditure, or storage. Although many drugs have been marketed or are currently under investigation for the treatment of obesity, several have adverse side effects, including insomnia, asthenia, fecal incontinence, hypertension, tachychardia, valvular heart abnormalities, and even death. Accordingly, several weight loss drugs have been banned by the Food and Drug Administration, including the first one approved for this indication, desoxyephedrine (1946) and, more recently, d-fenfluramine͞ fenfluramine (September 1997) and ephedrine alkaloids (April 2004) (9, 10) .
Fortunately, research over the past 15 years has revolutionized understanding of the molecular mechanisms that homeostatically control body weight and fat. Accumulated findings support a lipostatic hypothesis of energy homeostasis, in which the brain seeks to retain stored energy constant over long periods as adipose tissue. Accordingly, a highly integrated, redundant neurohumoral energy homeostasis feedback system, through behavioral and metabolic mechanisms, serves to minimize the impact of short-term fluctuations in energy balance, and especially negative energy balance, on fat mass. The identification of genes whose loss-of-function mutations result in monogenic obesity syndromes or confer resistance to obesity in humans or rodents have provided critical genetic entry points for characterizing the interconnected pathways that regulate energy homeostasis (11) (12) (13) (14) . The identification of these receptors and ligands has led to new therapeutic efforts to target signals at both ends of the energy spectrum.
In this context, ghrelin was identified in 1999 as an endogenous ligand for the growth hormone secretagogue receptor (ghrelin receptor), previously localized to peripheral tissues and hypothalamic nuclei that control energy homeostasis (15, 16) . Human studies found a preprandial rise and postprandial decline in plasma ghrelin levels of putative gastric origin, suggesting that ghrelin might play a physiological role in energy homeostasis (17) (18) (19) . Ghrelin is orexigenic when administered to humans or sated rodents with a likely central site of action (20, 21) . Ghrelin also promotes weight gain and adiposity through its metabolic actions, decreasing both energy expenditure and fat catabolism (21, 22) . Relevant to a possible tonic role for ghrelin in longer term energy homeostasis, circulating ghrelin levels are persistently increased during weight loss and suppressed in obese states (23) . Consistent with a hypothesized anabolic role for endogenous ghrelin in energy balance, mice deficient for ghrelin or its receptor store less of their consumed food and resist accumulating body weight and fat on energy-dense diets (22, 24) . Ghrelin knockout mice also expend more energy and locomote more (22) , and ghrelin receptor deficient mice show increased whole-body fat oxidation (24) .
Ghrelin is the first peptide isolated from animal sources with the posttranslational modification of octanoylation. Specifically, the hydroxyl group of a Ser residue (Ser-3) is acylated by n-octanoic acid (Fig. 1) . Octanoylation is essential for the growth hormonereleasing activity of ghrelin (15, 25) . Moreover, short peptides that encompass the first 4-5 residues of ghrelin activate the growth hormone secretagogue receptor as efficiently as full-length ghrelin, suggesting that the N-terminal Gly-Ser-Ser(n-octanoyl)-Phe segment constitutes the requisite core for receptor binding and activation (25) . The present study sought to develop and test three haptenic structures, ghrelin (1-10) Ser-3(butanoyl) hapten (Ghr1), ghrelin (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) hapten (Ghr2), and ghrelin(1-28) Ser-3(butanoyl) hapten (Ghr3), respectively ( Fig. 1) , as potential anti-ghrelin vaccines. Relatedly, the work was founded on the hypotheses that immunologically specific effects could be imposed to slow weight gain, either through an action on food intake or feed efficiency.
Results
Vaccine Responses. As shown in Table 1 , both Ghr1-keyhole limpet hemocyanin (KLH) and Ghr3-KLH ghrelin immunoconjugates produced good immune responses (increased vaccine antibody titers) by week 9 or after the fourth immunization. Responses were of appropriate specificity, because antibodies elicited by Ghr1-KLH did not cross-react with Ghr2-BSA, and antibodies elicited by Ghr2-KLH likewise had low affinity for Ghr1-BSA (data not shown). Although each immunization group raised an immune response against the immunoconjugate with which they were vaccinated, only rats from groups immunized with Ghr1-KLH or Ghr3-KLH developed good plasma binding affinity for noctanoylated ghrelin, the putatively active circulating form. Plasma from rats vaccinated with Ghr1-KLH or Ghr3-KLH was not potently bound by the inactive, des-octanoyl form of ghrelin that predominates in circulation (at least 1.8:1 ratio) (26) and might otherwise compete for neutralizing antibody, resulting in greater specificity for acyl vs. des-acyl ghrelin (Table 1) .
Postimmunization Weight Gain, Food Intake, and Feed Efficiency. Fig.  2 shows the corresponding rate of body weight gain, daily food intake, and feed efficiency of immunized rats as a function of the vaccine that subjects received, once titers of several rats had increased into the 1:10,000 range. Rats that received the Ghr1-KLH and Ghr3-KLH immunoconjugates gained less weight per day than did rats immunized with Ghr2-KLH or KLH across the 7-day observation period after the fourth immunization (Fig. 2 A) . This reduction in weight gain occurred despite rats eating (Fig. 2B ) and drinking (data not shown) normally, indicating a reduced feed efficiency of Ghr1-KLH and Ghr3-KLH-vaccinated subjects (Fig.  2C) . Before this time, during weeks 5-8, when titers were modest and still rising, vaccine-related differences in daily weight gain (KLH: 1.22 Ϯ 0.32 vs. Ghr3-KLH: 0.92 Ϯ 0.12 and Ghr1-KLH: 1.01 Ϯ 0.15 g͞day) and feed efficiency (KLH: 44.4 Ϯ 5.5 vs. Ghr3-KLH: 28.5 Ϯ 3.0 and Ghr1-KLH: 33.6 Ϯ 4.4 mg͞kcal) were in the same direction but correspondingly smaller, supporting the proposed dependence on anti-ghrelin plasma binding affinity.
Relation of Antioctanoylated Ghrelin Titers to Vaccine Outcomes of
Leanness and Slowed Weight Gain. To test directly the hypothesized relation of circulating anti-ghrelin binding capacity to the attenuation of body weight gain, subjects were divided into those that developed high or low antibody titers to Ghr3-BSA (Fig. 3A) and compared in the weeks after the fourth and fifth immunizations. The high titer group was selected to exhibit mean anti-Ghr3-BSA titers Ͼ1:10,000, a level that is functionally and categorically meaningful for influencing brain bioavailability of circulating molecules in other active immunization paradigms (27) (28) (29) . Each subject with high Ghr3-BSA titers also exhibited good plasma affinity for n-octanoyl ghrelin per competition ELISA analysis [K D-app (apparent dissociation constant) Ͻ650 nM], more than one order greater on average than those with lower Ghr3-BSA titers (Fig. 3B ). Those rats with higher plasma ghrelin binding capacity gained Ϸ0.5 g less weight per day than those with lower plasma affinity for ghrelin (Fig. 3C ), despite normal food intake ( Fig. 3D ), again indicating decreased feed efficiency (Fig. 3E) , with the same profile of results observed after each immunization. Even rats with lower, but measurable, plasma ghrelin binding capacity exhibited 
Table 1. Plasma vaccine antibody titers and ghrelin binding affinity in vaccinated rats
Plasma affinity (KD-app) after 13 weeks for Data are expressed as mean Ϯ SEM. Immunized mature, male Wistar rats raised antibodies against the immunoconjugate with which they were vaccinated, seen as increased vaccine titers 1 week after the fourth and fifth immunization (weeks 9 and 13, respectively). However, only rats immunized with the N-terminal inclusive hapten immunoconjugates, Ghr1-KLH and Ghr3-KLH, developed plasma affinity for the putatively active, n-octanoylated form of ghrelin, shown by apparent equilibrium constants of dissociation (K D-app) in competition ELISA and equilibrium dialysis analysis. Their plasma did not comparably bind the putatively inactive, des-octanoylated form of ghrelin, resulting in two orders greater selectivity of binding for the acylated vs. des-acyl form of ghrelin compared with Ghr2-KLH immunized rats. Competition ELISA and selectivity ratio results reflect all subjects. Equilibrium dialysis, which yielded similar results, was performed with plasma from rats from each group that showed high vaccine titers to compare subjects that mounted stronger immune responses. Titers and plasma affinity were log-transformed to calculate averages, selectivity ratios, and for statistical analysis. Values reflect antilog transformations.
reduced feed efficiency compared with KLH controls (Fig. 3E ). Carcass analysis showed that rats with strong anti-ghrelin responses gained fat-free dry mass preferentially over fat mass, as compared with those with weaker anti-ghrelin immune responses, and the samples did not differ in water content ( Fig. 3F and Table 2 ). Consistent with the relative decrease in fattiness, terminal plasma levels of the adipocyte hormone leptin were reduced in rats with strong plasma affinity for ghrelin (Fig. 3G) . Circulating insulin levels did not differ reliably as a function of the plasma ghrelin binding affinity achieved (mean Ϯ SEM: high, 0.8 Ϯ 0.2 vs. low, 1.3 Ϯ 0.2 ng͞ml). Possibly consistent with a reduced passage of circulating ghrelin to the central compartment, the ratio of brain͞ plasma levels of total ghrelin was reduced in rats in relation to their plasma anti-ghrelin binding capacity (Fig. 3H) .
Anti-Ghrelin Vaccine Did Not Elicit Systemic Inflammatory Response.
To examine the possibility that vaccination effects might result from a nonspecific systemic immune response, proinflammatory mediators, including IL-1␤, IL-6, tumor necrosis factor-␣, monocyte chemoattractant protein-1, and total plasminogen activator inhibitor type-1, were measured in vaccinated rats. Plasma levels were low on an absolute basis across treatment groups and unrelated to plasma specificity for acylated ghrelin (see Supporting Information, which is published on the PNAS web site).
Discussion
Diverse neurotransmitters, neuropeptides, hormones, and their targets offer potential inroads to understand and combat medicinally the growing problem of obesity. One classic neuropharmacological approach to understand the function of such molecules and their pathways has involved the administration of direct͞ indirect agonists, antagonists, or inverse antagonists or chemical or neuroanatomical lesions. Genetic manipulations, including selective breeding, study of inbred lines and their intercrosses, and manipulation of specific genes by means of molecular biologic approaches or mutagenesis, also have provided useful insights. An alternative strategy, termed immunopharmacotherapy, has been highly touted in other fields (30) , including the field of drug abuse (31); however, until now, it has not been applied to the problem of obesity.
Recently, we used immunopharmacotherapy in developing therapeutic vaccine(s) against exposure to drugs of abuse (31) . More specifically, the methodology sought to trigger an active (unnatural host immune system response) or passive (administration of a monoclonal or phage-displayed antibody) immunosequestration of the small molecule drug of abuse before it could access its target(s) in the CNS to produce psychoactive effects. We and others have used both active and passive vaccines therapeutically in animal models of cocaine, nicotine, and, most recently, tetrahydrocannabinol (marijuana) dependence, and clinical trials are ongoing in humans (31) .
The present study analogously extended this approach to determine whether active vaccination against the endogenous centrally acting, predominantly stomach-synthesized (80%), anabolic feedback peptide hormone ghrelin could slow body weight gain and fat accrual of mature male rats. Toward this goal, the following physiological͞chemical issues had to be addressed: (i) Rat vs. human ghrelin differs by two residues (K-A vs. R-V at positions 11 and 12), a potential obstacle to generalizing haptens across species; (ii) the lipophilic Ser-3 octanoic ester, although important for bioactivity, would cause micelle formation or solubility problems during hapten preparation; and (iii) little is known about how the distinct circulating forms of ghrelin (i.e., acylated or des-acyl ghrelin) interact with other molecules in vivo. Thus, to identify key elements of a potential therapeutic anti-ghrelin vaccine, three ghrelin haptens were studied (Fig. 1) . Ghr1 contained N-terminal amino acids 1-10 of ghrelin, Ghr2 contained C-terminal amino acids 13-28, and Ghr3 contained the full-length rat ghrelin sequence (1-28). Ghr1 and Ghr2 were designed to bypass the species specificity of ghrelin's sequence (i.e., rat vs. human), investigate epitope requirements, and identify any role of protein-bound circulation of ghrelin. In lieu of the native Ser-3 n-octanoyl fatty acid side chain, Ghr1 and Ghr3 used a Ser-3 butanoyl ester to increase hapten solubility and reduce micelle formation. Although this approach might be thought to compromise antibody recognition of ghrelin in its active n-octanoyl form, we have shown previously that truncation of lipid side chains actually improved immunogenicity for lipid A hapten vaccination (32) . Finally, a cysteine residue was appended to the hapten C terminus (Ghr1 and Ghr3) or N terminus (Ghr2) to permit chemoselective conjugation chemistries (33) (Fig. 1) .
Importantly, vaccine efficacy was related to the conjugate's ability to induce high, specific plasma binding affinity for n-octanoyl Fig. 2 . Effects of vaccination with ghrelin hapten immunoconjugates on whole-body energy homeostasis. Data express mean (ϩSEM) daily body weight gain (A), food intake (B), and feed efficiency (C) (body weight gained per unit energy intake) in Wistar rats previously immunized with a series of ghrelin hapten-keyhole limpet hemocyanin (KLH) immunoconjugates. Rats vaccinated using N-terminal inclusive ghrelin haptens (Ghr1-KLH and Ghr3-KLH; n ϭ 5 per group) showed slower body weight gain and reduced feed efficiency compared with those immunized with Ghr2-KLH (n ϭ 4) or KLH only (n ϭ 3). Food intake and body weight were measured daily throughout the week after the fourth immunization, when vaccine antibody titers had increased. Rats were matched for baseline age and body weight and, as expected, had not differed reliably in rate of body weight accrual or food intake before the fourth immunization, when titers were still low. #, P Ͻ 0.05 vs.
KLH-only treated group; ** , P Ͻ 0.01 vs. Ghr2-KLH treated group [Fisher's post hoc protected least significant difference tests, after significant one-way ANOVAs for body weight gain, F(3, 13) ϭ 6.02 and P ϭ 0.008, and feed efficiency, F(3, 13) ϭ 7.28 and P ϭ 0.004].
as opposed to des-octanoyl ghrelin. Both the time course and magnitude of the vaccine's action to slow weight gain correlated with the development of anti-acyl-ghrelin titers above Ϸ1:10,000, similar to results observed for vaccines against other circulating molecules whose activity depends on access to the brain (27-29, 34, 35) . Hence, even though strong titers were obtained to Ghr2, this acyl ester-lacking ''epitope'' of ghrelin was unable to stimulate an immune system response that could sequester functionally relevant ghrelin isoforms, thereby compromising the vaccine's ability to impact energy homeostasis. Accordingly, hapten design appears to be critical, similar to findings observed for effective antinicotine and anticocaine vaccines (27-29, 34, 35) . In accord with active vaccination studies against drugs of abuse, effective anti-ghrelin immunization resulted in a decreased brain͞plasma ratio of ghrelin. At this juncture, high, specific plasma binding affinity for acylated ghrelin appears critical for vaccine efficacy, and this finding may explain why the N-terminal inclusive ghrelin (Ser-3-n-butanoylated) haptens (Ghr1 and Ghr3) more effectively slowed weight gain. In total, the results demonstrate a proof of principle that active immunization against ghrelin, and possibly other anabolic regulatory molecules, can be used to control weight gain and adiposity in mammals.
Immunized rats ate normally but, once titers increased, accrued less body weight and fat, indicating reduced energy thrift. The findings implicate a metabolic (22, 24) , rather than ingestive (21), mechanism in the vaccines' efficacy, perhaps because of differential Fig. 3 . Relation of plasma anti-ghrelin binding capacity to whole-body energy homeostasis, adiposity, and brain͞plasma ghrelin ratios. Rats were grouped as those that developed ''high'' or ''low'' anti-ghrelin specificity (n ϭ 5 and 9, respectively) in response to vaccination with ghrelin hapten immunoconjugates, as defined by Ghr3-BSA antibody titers (A) and validated independently by competition ELISA analysis of plasma affinity for Ser-3 n-octanoylated ghrelin (B). Rats with high anti-ghrelin binding capacity gained weight more slowly (C) despite eating similarly (D) compared not only with KLH controls but also with hapten-vaccinated rats that acquired less anti-ghrelin affinity. Slower weight gain despite normal food intake indicated reduced feed efficiency, present in relation to the development of anti-ghrelin affinity (E). Rats with strong anti-ghrelin responses had reduced adiposity, measured as a relative decrease in fattiness by chemical carcass composition analysis (F) and reduced circulating levels of the adipocyte hormone leptin (G). The ratio of brain͞plasma ghrelin levels decreased in relation to the strength of the plasma anti-ghrelin response (G). Food intake and body weight were measured daily throughout the weeks after the fourth and fifth immunizations. Data are expressed as mean ϩ SEM. #, P Ͻ 0.05 vs. low Ghr3-BSA titers group; * , P Ͻ 0.05 vs. KLH immunized control group [Fisher's post hoc protected least significant difference tests, after significant one-way ANOVAs for Ghr3-BSA titers, F(2, 14) ϭ 42.88, P Ͻ 0.0001; plasma ghrelin binding, F(2, 14) ϭ 10.66, P ϭ 0.001; and brain͞plasma ghrelin ratio, F(2, 14) ϭ 25.52, P ϭ 0.00002; Welch's corrected t tests for other measures, which had unequal variance between groups]. Data are expressed as mean Ϯ SEM. Carcass composition of previously vaccinated mature male Wistar rats showed that rats developed stronger anti-ghrelin binding capacity, as defined by high Ghr3-BSA titers and also reflected in high plasma ghrelin binding capacity (Table 1) , and had greater relative fat-free dry mass and less relative fat mass compared with those with weaker anti-ghrelin binding capacity. Chemical carcass analysis was performed 1 week after the fifth vaccination with ghrelin hapten immunoconjugates. * , P Ͻ 0.05; #, P ϭ 0.06 vs. sensitivity or compensation of these dissociable modes of ghrelin action. Accordingly, exogenous ghrelin administration is known to decrease energy expenditure, brown adipose tissue mitochrondrial uncoupling protein-1 activity, and fat catabolism (21, 22) . Although Sun and colleagues (36) initially observed that constitutive ghrelin deficiency did not alter food intake, weight accrual, or body composition of mice, more recent literature has supported an endogenous role for ghrelin and its receptor in the control of body weight and metabolism (22, 24, 37) . For example, both ghrelin and ghrelin receptor knockout mice were subsequently found to be less thrifty with food that they ate and to resist accumulating body weight and fat on energy-dense diets to a degree greater than could be explained by energy intake differences (22, 24) . These findings reflected that ghrelin knockout mice expend more energy and show increased locomotor activity (22) , and that ghrelin receptor deficient mice show increased whole-body utilization of fat as an energy substrate (24) . De Smet and colleagues (37) also recently reported metabolic data that indicate that ghrelin null mice are leaner and exhibit less de novo lipogenesis during fed states than wild-type mice, again despite similar energy intake. That anti-ghrelin vaccines also decreased feed efficiency and adiposity harmonizes with reviewed results and supports the proposed endogenous role for ghrelin in metabolism. Further immunization studies can help specify the precise physiologic role of ghrelin-induced changes in resting metabolic rate, whole-body, or non-exercise activity-induced energy expenditure or relative fuel substrate utilization by discrete tissues in the vaccine's efficacy. Importantly, the vaccines may offer a means to separate these metabolic actions of ghrelin from potentially confounding, phasic changes in food intake that have been seen with other approaches (21, 22, 24) . The effective active ghrelin vaccines, Ghr1 and Ghr3, did not alter spontaneous daily food intake under the current experimental conditions, a finding that contrasts with reports that intracerebroventricular administration with anti-ghrelin antibodies of uncertain isoform specificity acutely reduce food intake (38) (39) (40) . These results indicate that sequestration of central ghrelin curbs food intake, whereas peripheral active immunization does not produce anorexia yet still reduces weight gain. The dissociation may reflect an orexigenic role for centrally synthesized ghrelin in appetite neurocircuitry. Alternatively, it is conceivable that appetite is less sensitive than metabolism to immunization-induced decreases in the levels of ghrelin that can reach the central compartment. On the other hand, several caveats bear mentioning. First, higher circulating titers or a larger sample size might have uncovered an endogenous action of ghrelin on intake. Second, rats were consistently fed in ad libitum conditions. However, ghrelin may play a greater role in controlling food intake during sustained energy insufficiency, during which ghrelin levels rise, putatively to motivate meal initiation and compensatory hyperphagia. Thus, the vaccine might be able to blunt restriction-induced, if not ad libitum, feeding, a relevant question for vaccine efficacy during low calorie dietinduced weight loss. Third, we cannot discount the possibility that the induced immune response is (partly) directed to alkanoylated serine residues in structurally and functionally related signaling peptides other than ghrelin, and͞or esterification signals contained in other peptides. Fourth, perhaps redundant, compensatory orexigenic mechanisms were recruited that offset any direct action of the anti-ghrelin vaccine to reduce feeding, as has been proposed for chow-fed ghrelin null mutant models (36, 37) . Fifth, perhaps phasic changes in ghrelin levels, which would be relatively unaffected by vaccination, control food intake from meal-to-meal, whereas longer term, tonic changes in ghrelin levels (e.g., obesity and starvation) control longer term energy homeostasis through metabolic mechanisms. Finally, rats were fed low-fat chow; however, anorectic effects of ghrelin receptor deficiency have only been reported in high-fat diet-fed mice, whereas chow-fed female growth hormone secretagogue receptor knockout mice exhibit reduced body weight and feed efficiency, but not intake, similar to what was observed here (24) . Thus, perhaps diet composition modulates the regulatory role of ghrelin on food intake, and an anti-ghrelin vaccine might similarly reduce intake of high-fat diets. Studies of the effects of central vs. peripheral anti-ghrelin immunization on appetiteregulating neurocircuitry in the mediobasal hypothalamus and caudal hindbrain will help further clarify ghrelin's biological significance in controlling food intake.
A limitation of the study concerns the possibility of type II errors (''false negatives'') because of insufficient power from the current sample sizes. For example, although insulin levels did not differ significantly between rats according to their vaccine response, rats that developed strong anti-ghrelin responses did tend to show lower (Ϸ40%) circulating insulin levels, which would be consistent with their reduced adiposity and plasma leptin levels. Perhaps a larger sample size would have revealed an effect. On the other hand, the lack of decrease in insulin levels may reflect the direct action of ghrelin to suppress insulin secretion (41) . From this perspective, the ghrelin vaccine would proximately increase insulin levels, thereby offsetting any decrease related to increased leanness.
Finally, the vaccines' therapeutic potential in models of overeating and obesity are of interest. Rats in the current study were fed low-energy, low-fat, and relatively less palatable chow diets and were comparatively lean. Whether active immunization against ghrelin would help prevent the development of obesity attributable to energy-dense, palatable high-fat ''Western'' diets or would facilitate weight loss once obesity is established are uncertain. For example, circulating ghrelin levels are decreased during obese states, which might suggest a reduced physiological relevance of blocking ghrelin action (23) . On the other hand, ghrelin levels rise with attempted or successful weight loss and strongly predict subsequent weight regain (23) , so an anti-ghrelin vaccine might be especially helpful in opposing this counterregulatory mechanism that defends an elevated body weight set point. Clarifying these and potential unintended effects of active vaccines on additional actions of ghrelin (42, 43) will help define the therapeutic potential of N-terminal inclusive ghrelin hapten vaccines to control body weight. In summary, active vaccination against ghrelin, and potentially other anabolic molecules, appears to be a viable method to slow weight gain and fat accrual in mammals. Additional studies with these active vaccines and passive antibodies, including catalytic antibodies to ghrelin (M.M.M. and K.D.J., unpublished data), will further define the role of immunopharmacotherapy in perturbing energy homeostasis and ultimately in combating obesity.
Methods
Ghrelin Hapten Immunoconjugate Synthesis. Ghr1-Ghr3 were synthesized and coupled to the carrier protein KLH, yielding immunoconjugates Ghr1-KLH, Ghr2-KLH, and Ghr3-KLH. For peptide synthesis, all haptens and substrates were prepared on a 1.0-mmol scale as C-terminal amides by using custom-written diisopropyl carbodiimide͞hydroxybenzotriazole (DIC͞HOBt) protocols for fluorenylmethyloxycarbonyl͞tert-butyl solid phase peptide synthesis (Fmoc͞tBu SPPS) on a CS Bio 136 automated peptide synthesizer. For experimental details, see Supporting Information, which supplies the synthetic details and HPLC chromatograms and electrospray ionization-MS spectra of RP-HPLC purified synthetic wild-type rat ghrelin and haptens Ghr1, Ghr2, and Ghr3. Body Weight, Food Intake, and Feed Efficiency. Body weight and food intake were determined daily (0.1 g precision), 2 h before the onset of the dark cycle during the weeks after the fourth and fifth immunization, the time at which antibody titers maximized. Feed efficiency was calculated as body weight gained per unit energy intake (milligrams per kilocalories).
Carcass Analysis. The gastrointestinal tract was removed from thawed (25°C) carcasses. The carcass was then dried (70°C) to constant mass to determine water content and then extracted with petroleum ether in a Soxhlet apparatus to determine fat-free dry mass, composed of both protein and ash, as compared with fat mass (45) .
Statistics. Analyses of variance (ANOVAs) were group differences. Fisher's protected least significant difference tests were used for post hoc comparisons. Welch's t tests, corrected for multiple comparisons, were used to compare groups with unequal variance. To reduce heterogeneity of variance and achieve a more normal distribution, data for IL-6, TNF-␣, total plasminogen activator inhibitor type-1, monocyte chemoattractant protein-1, and plasma antibody titers, apparent ghrelin binding affinity constants of plasma and brain͞plasma total ghrelin ratios were first logtransformed for statistical analysis, including calculation of titer selectivity ratios. Corresponding values presented in tables or figures represent antilog transformations. 2 analysis was used to test whether subjects differed in the frequency of having detectable circulating cytokine levels. The software package was Systat 11.0 (SPSS, Chicago, IL).
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